A better understanding of the molecular and cellular mechanisms by which early life stress (ELS) modifies brain development and adult behavior is necessary for diagnosing and treating psychopathology associated with exposure to ELS. For historical reasons, most of the work in rodents has been done in rats and attempts to establish robust and reproducible paradigms in the mouse have proven to be challenging. Here we show that under normal rearing conditions, increased levels of postnatal maternal care are associated with a decrease in anxiety-like behavior in BALB/cByj offspring. Brief daily pup-dam separation (BDS) during the postnatal period was associated with increased postnatal maternal care but was surprisingly associated with increased anxiety-like behavior in adult offspring, providing the first example in which offspring receiving higher levels of postnatal maternal care are more anxious in adulthood. Plasma corticosterone levels were elevated in BDS pups even 3 h after the pups were reunited with the dam, suggesting that this paradigm represents a form of early life stress. We also show that levels of total RNA and DNA in the hippocampus reach a peak at postnatal day 14 and that exposure to BDS seems to inhibit this developmental growth spurt. We propose that exposure to stress during the postnatal period overrides the ability of high levels of postnatal maternal care to program anxiety-like behavior by inhibiting the normal growth spurt that characterizes this period.
Introduction
Parent-infant interactions play an important role in the emotional and cognitive development of the infant in a manner that shapes many behavioral, emotional, and physiological responses in adulthood (Kaffman and Meaney, 2007) . Retrospective and prospective studies have shown that exposure to parental abuse or neglect early in life increases risk for developing psychopathologies such as anxiety disorders, depression and psychosis (Mullen et al., 1996; Kaufman and Charney, 2001; Bebbington et al., 2004; Gilbert et al., 2009) . In many cases, these conditions persist throughout life and are associated with chronic mental illness that is refractory to treatment (Bryer et al., 1987; Muenzenmaier et al., 1993; Nemeroff et al., 2003) . The mechanisms by which erratic forms of parental care interfere with normal neurodevelopment and its relationship with adult psychopathology are poorly understood in humans. However, the observation that parental care plays a similarly important role in shaping a broad array of behaviors in rodents and non-human primates suggests that some of the molecular details underlying this process can be studied in animal models (Kaffman and Meaney, 2007) .
Work in rats has shown that levels of maternal care during the first 2 weeks of life influences a host of physiological, behavioral, and cognitive outcomes in the offspring, many of which persist into adulthood (Hofer, 1994; Levine, 2001; Meaney, 2001) . For example, levels of maternal care during the first weeks of life are normally distributed in the rat such that some individuals provide almost 3 times higher levels of tactile stimulation in the form of licking and grooming (LG) compared to others (Champagne et al., 2003) . High and Low LG dams were defined as those that are at least 1 SD above and below the population's average. This paradigm establishes two non-overlapping forms of parental care early in life. Offspring exposed to high levels of LG during the first week of life show blunted hypothalamic-pituitary axis (HPA) activation in response to stressors, are less fearful, and perform better on hippocampal dependent learning tasks compared to offspring exposed to low levels of LG (Meaney, 2001) . Moreover, conditions that artificially increase frequency of LG in dams, such as brief periods of separation (a manipulation known as handling) or the addition of corticosterone to the drinking water during the first postnatal weeks, are also associated with a long-term decrease in stress reactivity in the offspring that are similar to those seen in offspring raised by High LG dams (Lee and Williams, 1974; Liu et al., 1997; Casolini et al., 2007) . In contrast, conditions that disrupt maternal care such as those associated with prolonged levels of maternal separation or administration of benzodiazepine to dams during the handling procedure increase stress reactivity and anxietylike behavior in the offspring in a manner that is similar to that seen in offspring raised by low LG dams (D'Amato et al., 1998; Lippmann et al., 2007) .
Frequency of LG during the first week of life programs HPA reactivity in adulthood by regulating DNA methylation of a promoter element that controls expression of the glucocorticoid receptor (GR) in the rat hippocampus (Weaver et al., 2004) . The ability of postnatal maternal care to regulate DNA methylation in post-mitotic neurons and the stability of these modifications provided a molecular mechanism to explain how events early in life are able to shape brain function in adulthood (reviewed in Szyf et al., 2005) . However, several observations suggest that DNA methylation is likely to provide only one of many "molecular tricks" by which events early in life shape neurodevelopment and behavior later in life. First, recent work demonstrated that some DNA methylation sites appear to be highly dynamic and far less stable compared to those reported for the GR, indicating that not all DNA methylation sites are able to support long-term changes in transcriptional regulation (Miller et al., 2008; Novikova et al., 2008) . Second, many other epigenetic processes such as RNA editing (Lalli et al., 2003; Qureshi and Mehler, 2009; Tan et al., 2009) , DNA recombination (Habibi et al., 2009) , and a host of other chromatin remodeling mechanisms (Lund and van Lohuizen, 2004; Payer and Lee, 2008) are capable of mediating long-lasting stable alteration in cell fate and function. Third, long-term programming of gene expression is not necessary in order for events early in life to modify brain function in adulthood. The organized stepwise progression of neurodevelopment allows changes that interfere with a specific step earlier in life to modify functional output later in life, with monocular deprivation being the best characterized example of this concept (Hensch and Fagiolini, 2005) .
In order to expand the search for novel mechanisms by which ELS modifies neurodevelopment and adult behavior, we developed several paradigms that allow us to examine this issue in the mouse. The availability of transgenic animals and commercial platforms for conducting unbiased genomic and proteomic screens makes the mouse an attractive model organism to study this problem rigorously. However, the establishment of ELS paradigms that are associated with robust and reproducible behavioral outcome in the mouse has proven to be a challenging task (Priebe et al., 2005; Millstein and Holmes, 2007) , explaining the paucity of studies that have used transgenic animals or genomic tools to study this problem (for a rare example, see Carola et al., 2007) . We hypothesized that careful monitoring of postnatal maternal care, appropriate selection of genetic background, the identification of reliable developmental markers modified by ELS, and appropriate sample size were necessary to establish a robust ELS paradigm in the mouse.
Methods

Animals
BALB/cByj (Balbc) and C57BL/6j (C57) mice, 6-8 weeks old were purchased from Jackson. Animals were housed in 8 × 11 inch Plexiglas cages and kept on a standard 12:12 h light/dark cycle (lights on at 7:00 AM), constant temperature and humidity (22°C and 50%) with food provided ad libitum. All animal work was approved by the Institutional Animal Care and Use Committee (IACUC) at Yale University and conducted in accordance with the recommendations of the Guide for the Care and the Use of Laboratory Animals. See Supplemental material for more details.
Mating and cross fostering
After a 2-week acclimation period, animals were mated by placing 2 females and 1 male from the same strain in a cage layered with corncob bedding. After 2 weeks of mating, visibly pregnant dams were placed individually in maternity cage containing 900 cm 3 of Corncob bedding (Harlan) with no nesting material. Births were monitored daily at 10:00 AM and day of birth was considered PND = 0. At birth, roughly 50 cm 3 of old bedding from the fostering dam's cage was placed in the corner of a new cage containing 900 cm 3 of clean bedding. Litters were culled to 6-8 pups and placed together in the area where the old bedding was placed. In cases where a foster dam was used to raise the pups (i.e. BB litters), the dam added to the cage was not the biological dam of the offspring but one that gave birth on the same day. The biological dam was placed with her own pups in B-sham litters. No nesting material was provided during the entire postnatal period and the bedding was changed on PND14 and at weaning.
Scoring maternal behavior
Maternal behavior was evaluated during the first 7 postnatal days after birth (PND = 0-7) and scored during 4 periods of 60 min each. Two observation periods were conducted during the light phase (12:00 and 18:00) and 2 observations during the dark phase (21:00 and 06:00) using red light to illuminate the room. During each 60-min period, the behavior of the dam was sampled for 10 s at 4-min intervals. The following behaviors were monitored: licking/grooming pups, arched-back nursing, passive nursing, self-grooming, nest building, and no contact with pups. See Supplemental material for more details.
Brief daily maternal separation
At birth (PND = 0), pups were culled to 6-8 pups per litter and were placed in a new cage as described for the B-sham litters above (i.e. both control and BDS dams raised their own biological offspring). Cages were randomly assigned to either brief daily separation (BDS) or control groups. The separation procedure occurred daily from PND1-21 and was done from 11:00-11:40 AM. During the procedure, the dam was removed from the home cage and placed in a holding cage covered with fresh corncob bedding, and provided with food and water. Pups were transferred individually into a new cage covered with clean corncob bedding and placed individually at different corners of an 8 × 11 inch standard cage. Cages were left undisturbed for 15 min at ambient temperature in the vivarium (i.e. 22°C ± 2°C) after which the pups were individually transferred to their home cage followed by the return of the dam. Cages in the control group were left undisturbed except for cage maintenance preformed on PND14. At PND22, all pups were weighed and housed in groups of two littermates of the same sex per cage.
Open field
An animal was placed in the right-lower corner of a black 50 × 50 cm Plexiglas box and its locomotor activity was recorded using an EthoVision (Noldus Information Technology) tracking system for 10 min. Distance traveled and the amount of time the animals spent in the inner 15 cm area were calculated by the software at 5-min bins. See Supplemental material for more details.
Step down assay Animals were placed on a small 96-well plate covered with a rubber sheath to provide good grip for the animals. Latency to step off the platform (all four legs) was recorded by an observer who was blind to the developmental history of the animal. See Supplemental material for more details.
Stress induction and plasma collection
See Supplemental material.
Corticosterone and T3 measurements
Corticosterone levels were measured using a 125I RIA kit (MP Biomedicals, Cat. No. 07-120102) and followed manufacturer instructions. Triiodothyronine levels (T3) were measured using Siemens diagnostics 125I RIA kit (#TKT31). For more details see Supplementary material.
RNA harvesting
All tissue processing was done between 2:00 and 3:00 PM. Animals were killed by rapid decapitation and the hippocampus was dissected under a 3 × illuminated magnifying glass using RNAase free conditions. Dissected hippocampi were placed in an eppendorf tube and immediately frozen in liquid nitrogen and stored at -80°C until further use. RNA was harvested using RNAqueous kit (Ambion), treated with DNase (Qiagen), and further purified using RNeasy kit (Qiagen). For more details see Supplementary material.
DNA quantification
Total hippocampal DNA was estimated from the homogenized hippocampus tissue (see RNA harvesting procedure) using the high sensitivity DNA Qubit kit (Invitrogen).
Quantitative PCR (q-PCR)
Five hundred nanograms of total RNA was used to synthesize cDNA using random primers (Invitrogen) and superscript III RT kit (Invitrogen). Quantitative real-time PCR (q-PCR) was then used to assess levels of GR, GR-C, rRNA, and TBP in the hippocampus. For more details see Supplementary material.
Statistical analysis
Data were carefully screened for inaccuracies, outliers, normality, sphericity, and homogeneity of variance. The different tests used are specified in the text and figure legends. The SPSS 16 software was used for the analysis and p value b 0.05 was considered significant.
Results
Here we show that the highly stressor-reactive BALB/cByj (Balbc) mouse strain possesses some important features that make it a particularly useful strain to study the effect of postnatal maternal care on neurodevelopment and adult behavior. First, we found that Balbc will readily take care of their pups even in the complete absence of nesting material allowing for accurate assessment of maternal care (note that an ample amount of corncob bedding material was present in the cage, see Methods for details). This was not the case with the commonly used C57BL/6j (C57) strain in which nesting material was necessary to trigger maternal care and its absence was associated with a high rate of pup mortality (Fig. 1A , please note that with the exception of Fig. 1A all work presented here was conducted with Balbc animals only). Second, previous work has shown that Balbc offspring are sensitive to the neurodevelopmental effects of postnatal maternal care further justifying the use of this strain (Zaharia et al., 1996; Francis et al., 2003; Caldji et al., 2004; Carola et al., 2004) . Third, whole-litter transfer did not alter maternal behavior in this strain indicating that Balbc dams raise their own biological offspring in a manner indistinguishable from that seen in dams raising a fostered litter (Figs. 1B-D). Since both prenatal and postnatal factors influence adult behavior , we used this cross-fostering strategy to randomize possible prenatal differences between high and low LG Balbc dams, allowing us to attribute differences in behavioral outcome between offspring of high and low LG dams to differences in postnatal maternal care.
We characterized maternal behavior in a large cohort of Balbc dams raising fostered pups (BB, n = 56) and showed that frequency of LG is normally distributed ( Fig. 2A) . We defined High (n = 8) and Low LG (n = 12) dams as those that were at least 1 SD above and below the mean. Rate of LG declined over the first week postpartum in both groups [main effect of days F(7,70) = 5.25, p = 0.003, repeated measure ANOVA] with no differences in frequency of LG between High and Low LG dams at PND7 (Fig. 2B) . During the first postpartum week, high LG dams spent significantly more time licking and grooming their pups [t(18) = 15.90, p b 0.0005] and engaging in an active form of nursing known as arched-back nursing [t(18) = 3.48, p b 0.003, Figs. 2B and C] compared to low LG dams. Similar to findings in the rat, we found a significant correlation between frequency of LG and frequency of arch-back nursing (ABN), although the magnitude of the correlation was more modest in Balbc (r = 0.564, p b 0.0005, n = 56) compared to that previously reported in the rat (Liu et al., 1997) . There were no differences in the total time the dams spent away from the pups or the total amount of passive nursing between the two groups (Fig. 2E) . Finally, there were no differences in percent survival or weight at weaning between offspring raised by High and Low LG dams (data not shown).
We tested the effect of postnatal LG on anxiety-like behavior in a cohort of 22 adult male offspring raised by High or Low LG dams (levels of postnatal maternal care received by this group of offspring are shown in Supplementary Fig. S1 ). Only male offspring were included in the study because our preliminary studies and work from other laboratories suggested that behavioral sequelae of ELS in mice, especially those related to anxiety-like behavior, are more robust in male offspring (Denenberg et al., 1981; Berrebi et al., 1988; Parfitt et al., 2004; Kikusui et al., 2006; Millstein et al., 2006; Ren-Patterson et al., 2006 ). Here we show that male offspring of High LG dams spent significantly more time exploring the center area of an open field compared to offspring of Low LG dams (Fig. 3A) . This difference was not simply due to a general increase in locomotor activity as there were no differences in total distances traveled between the groups once the animals were habituated to the arena (Fig. 3C) . Importantly, time in the center during the first 10 min exploring the open field was highly correlated with levels of LG these animals received during the first week of life (Fig. 3B , r = 0.65, p = 0.001), supporting the notion that levels of LG during a specific period of development program anxiety-like behavior in adulthood. In a second test of anxiety, offspring of High LG dams stepped off a small platform significantly faster compared to offspring of Low LG dams (Fig. 3D ) in a manner that was negatively correlated with levels of postnatal LG (r = −0.543, p = 0.009). This anxiety-like assay measures the latency of the mouse to step off a platform, a behavior that occurs more readily following administration of benzodiazepines (Anisman et al., 2001) . Work in the rat showed that frequency of LG is associated with long-term changes in stressor-induced HPA reactivity. However, we found no differences in corticosterone levels of High and Low LG offspring exposed to 15 min of swimming (Fig. 3E ) and no differences in hippocampal GR mRNA levels between the two groups (data not shown).
We attempted to confirm these results using an independent method in which we artificially increased levels of LG in Balbc dams by exposing them to brief daily periods of maternal separation (BDS), a manipulation known also as handling. Because of some unique features of our manipulation (see below), we chose the term BDS to describe it instead of handling. We first confirmed that BDS was associated with increased levels of LG. Indeed, BDS was associated with a robust increase in several forms of postnatal maternal care including LG, time nursing and time in contact with pups (Fig. 4) . Moreover, this global increase in levels of postnatal care was detected soon after the pups were reunited with the dam (i.e. 12 PM observations) and was still present 18 h later during the 6 AM observation the following day ( Supplementary Fig. S2 ). Based on previous work in both rats and mice, we predicted that mice exposed to BDS early in life would show decreased anxiety-like behavior compared to control offspring (Levine et al., 1957 (Levine et al., , 1967 Hess et al., 1969; Meaney et al., 1989 Meaney et al., , 1992 D'Amato et al., 1998) . Unexpectedly, adult offspring exposed to BDS spent less time in the center of the open field (Fig. 5A ) and exhibited longer latencies in the step down assay (Fig. 5C ) compared to control animals despite the fact that they received higher levels of maternal care early in life. We did not find differences in HPA reactivity (Fig. 5D ) or GR mRNA levels in the hippocampus ( Supplementary Fig. S3 ) between BDS and control offspring. We have now repeated this work using 3 independent cohorts (Table 1) ; despite an increase in maternal care, BDS animals appeared more anxious in both the open field and the step down assays compared to controls.
Brief removal of the pups from the safety of the nest activates physiological and behavioral responses in the pups that include release of thyroid hormones, increased levels of corticosterone, and increased vocalizations (Hofer, 1994; Levine, 2001 ). These changes are thought to be adaptive in that they protect the pups against hypothermia, hypoglycemia, and solicit maternal retrieval respectively. Since increased thyroid hormone levels have been shown to be necessary to increase GR levels in the developing hippocampus of handled rat pups (Meaney et al., 1987 (Meaney et al., , 2000 , we assessed whether BDS was also associated with increased thyroid hormone levels during the postnatal period. Consistent with the absence of changes (C) Latency to step down from a slightly elevated platform was increased in offspring exposed to BDS (n = 26) and control (n = 23). (D) BDS (n = 12) and control (n = 11) adult offspring were exposed to 20 min restraints and corticosterone plasma levels were tested at baseline (t = 0) and 30 and 150 min after the animals were placed in the restraining device. ⁎p b 0.05, unpaired Student t-test, means and SEM shown. BDS, brief daily separation; Cont, control condition.
in GR levels in BDS mice, we found no differences in triiodothyronine (T3) levels between BDS and control postnatal day (PND) 14 pups (Fig. 6A) . We then tested the effect of BDS on plasma corticosterone levels in PND14 pups and found that corticosterone levels were roughly 5-fold higher 1 h after pups were removed from their home cage (Fig. 6B) . Note that at the 1-h time point, the pups were reunited with their dam and back in their home cage for about 40-45 min. Moreover, plasma corticosterone levels were still elevated even 3 h after BDS pups were reunited with their dam (Fig. 6B) . We assessed corticosterone levels in BDS and control dams 3 h after separation to determine whether this prolonged elevation in pups' corticosterone levels was perhaps due to higher corticosterone levels in BDS dams that was then transmitted to the pups in the breast milk. We found no differences in corticosterone levels between BDS and control dams suggesting that this increase in pups' corticosterone levels was most likely due to endogenous HPA activation in the pups (Fig. 6C ). This conclusion is consistent with the observation that BDS was not associated with prolonged elevation in corticosterone in PND8 pups when the HPA system had not yet fully matured (data not shown). Exposure to BDS was not associated with changes in total body weight or percent pup survival when compared to the control group (data not shown).
Since the hippocampus has previously been shown to be highly sensitive to the effect of ELS, we assessed the effect of ELS on hippocampal development. We first characterized normal hippocampal development by measuring levels of DNA and total RNA in PND5, 14, 30 and 45 of control animals. Levels of both RNA and DNA reach a peak at around PND14 and decline thereafter to reach adult levels (Figs. 7A and B) . We then tested the effect of BDS exposure on levels of total RNA and DNA in PND14 and fully adult animals (PND90). Twoway ANOVA showed a significant main effect of age on total RNA, F(1,24) = 90.67, p b 0.0005, and a significant interaction between age and developmental manipulation (i.e. BDS vs. control), F(1,24) = 4.35, p = 0.05. Simple effect analysis showed a significant difference in total RNA levels between BDS and control PND14 pups, F(1, 20) = 7.09, p = 0.015, but not in PND90 offspring, F(1, 20) = 0.07, p = 0.79 (Fig. 7C) . Similarly, there was a significant main effect of age on total DNA, F(1,24) = 8.00, p b 0.01 and a significant interaction between age and developmental manipulation, F(1,24) = 4.51, p = 0.0046 due to decreased DNA content in PND14 exposed to BDS, F(1, 20) = 4.3, p = 0.05, that was not present in PND90 offspring, F(1, 20) = 1.1, p = 0.30, Fig. 7D . Levels of DNA and total RNA in the hippocampi were the same in BDS and control adult offspring, indicating that the effects of BDS on these crude measurements are restricted to a specific period of development and do not persist into adulthood (Figs. 7C and D) .
Discussion
BDS is a reliable ELS model in Balbc mice
Exposure to ELS is associated with increased risk for several psychopathologies including anxiety, depression, and psychosis (Heim and Nemeroff, 2001; Bebbington et al., 2004; Gilbert et al., 2009; Kaffman, 2009) . The mechanisms by which ELS modifies neurodevelopment, brain functioning, and behavior in adulthood are poorly understood in humans. However, recent work in rats has demonstrated the potential of using cross-species studies to map some of the molecular details that govern this process (McGowan et al., 2009 ). For historical reasons most of the work on the effect of ELS on neurodevelopment and behavior in rodents used rats, with fewer examples described in the mouse. Yet, several molecular tools uniquely available in the mouse make it an attractive model organism to dissect the processes by which ELS modifies neurodevelopment and behavior. These include whole genome platforms to assess mRNA expression levels, genomic tools for unbiased mapping of epigenetic modifications, and the ability to generate transgenic animals. However, establishing this work in the mouse has proven to be challenging, limiting the utility of this molecular arsenal to study this issue in the mouse.
Given the importance of postnatal maternal care (especially frequency of LG) in programming adult behavior, we searched for a Three independent cohorts of Balbc animals were exposed to BDS or control conditions and their male offspring were tested in adulthood (PND60-90) in the open-field exploratory test and the step-down test. A summary of behavioral data is shown as means and (SEM), ⁎p b 0.05 using unpaired Student t-test. BDS, brief daily separation. Fig. 6 . BDS is associated with prolonged elevation of corticosterone levels in PND14 pups. (A) Pups were exposed to daily BDS for 14 days and sacrificed 3 h after the last BDS exposure. Trunk blood was collected to assess plasma levels of triiodothyronine (T3) in PND14 BDS (n = 6 pups from 6 different litters) and control (n = 6 pups from 6 different litters). (B) Pups were exposed to daily BDS and plasma corticosterone levels were assessed in PND14 pups at 1 and 3 h after the last BDS exposure (BDS n = 6-8 pups for each time point, using different litters, control n = 6-9 pups for each time point using different litters). Note that at the 1-h time point the pups were reunited with their dam and back in their home cage for roughly 40 min. (C) Dams (BDS n = 9 and control n = 10) were exposed to BDS for 14 days and plasma corticosterone levels were assessed 3 h after the last exposure to BDS. Unpaired Student t-tests were used to compare BDS and control in panels A and C. One-way ANOVA was used to compare corticosterone levels in the 4 groups tested in panel B followed by Tukey-HSD post hoc analysis (⁎p b 0.05, ⁎⁎⁎p b 0.0005 compared to control). Means and SEM shown. BDS, brief daily separation; Cont, control condition.
mouse strain that would allow us to accurately monitor postnatal maternal behavior. We found that Balbc dams show robust maternal behavior even in the absence of nesting material, allowing for accurate monitoring of maternal care in this strain. In addition, Balbc dams readily raise fostered pups in a manner indistinguishable from their maternal behavior towards their own biological offspring. Using the cross-fostering approach, we showed that the frequency of postnatal LG is normally distributed in this strain and that as in the rat, offspring of high LG dams show decreased anxiety-like behavior compared to those of Low LG dams. We also showed that levels of LG during the first week of life are highly correlated with anxiety-like behavior in adulthood, consistent with the notion that tactile stimulation during early development modifies neurodevelopment of circuits that regulate anxiety-like behavior in adulthood. This work demonstrates the importance of carefully monitoring postnatal maternal behavior in order to establish developmental paradigms in the mouse that are associated with robust and reproducible behavioral outcomes in adulthood. We attempted to replicate these findings by artificially elevating levels of postnatal maternal care using brief pup-dam daily separations. As predicted, BDS was associated with a robust increase in postnatal maternal care. However, contrary to expectations, BDS animals were more anxious in adulthood compared to control animals. The finding of elevated corticosterone levels and decreased DNA and RNA in PND14 pups provides important developmental markers that help ensure reproducibility across cohorts and laboratories. We repeated these studies several times, demonstrating that BDS is associated with robust and reliable neurodevelopmental and long-term behavioral consequences in Balbc mice (Table 1) . We are now using whole genome microarray studies and transgenic animals to better understand the cellular mechanisms by which BDS modifies neurodevelopment and adult behavior in this strain.
Revisiting the maternal mediation hypothesis of postnatal handling
According to the maternal mediation hypothesis (Liu et al., 1997) , the ability of BDS (i.e. handling) to reduce anxiety-like behavior in adulthood is mediated by the ability of this manipulation to solicit additional maternal care during the postnatal period. Our finding that Balbc offspring exposed to BDS were more anxious despite their ability to recruit additional postnatal maternal care suggests that such induction may not be sufficient to alter behavior under some circumstances. We propose that anxiety-like behavior in adulthood is determined by the relative balance that BDS establishes between two opposing factors: induction of high levels of postnatal maternal care, especially frequency of LG, reduces anxiety-like behavior in adulthood whereas exposure to high levels of corticosterone during this period increases it in adulthood. This model is supported by the observation that offspring of high LG are less anxious compared to those of low LG dams (Fig. 3) . In addition, previous work showed that under conditions where BDS induces only a brief elevation in corticosterone levels (i.e. corticosterone levels return to baseline within 30 min after the pups were reunited with the dam) the influence of elevated maternal care dominated the balance and the handled offspring appear less fearful in adulthood (D'Amato et al., 1998; Moles et al., 2008) . Administration of benzodiazepine to the dams prior to reunification with the pups abolished the increase in postnatal maternal care and eliminated the ability of this manipulation to decrease anxiety-like behavior in adulthood, suggesting that induction of maternal behavior under conditions of limited exposure to stress is necessary to reduce anxiety-like behavior in handled animals (D'Amato et al., 1998) . In contrast, experimental conditions that induce high and prolonged levels of stress, like those reported here, override the effects of maternal care resulting in increased anxiety-like behavior in the Fig. 7 . BDS alters hippocampal development. (A) Hippocampi from PND5, 14, 30 and 45 of control animals (n = 3-5 for each time point) were dissected and used to assess total hippocampal RNA and DNA across postnatal development. Levels of both RNA (A) and DNA (B) reach a peak during PND14, F(3, 18) = 9.18, p = 0.001, one-way ANOVA with Tukey HSD b 0.05 used to compare levels in PND14 pups to other time points. Hippocampi from PND14 (BDS n = 6, control n = 6) and adult animals (PND = 90, BDS n = 6, control n = 6) were used to assess levels of total RNA (C) and total DNA (D). Two-way ANOVA was used to assess main effects of age (PND14 vs. PND90) and developmental exposure (BDS vs. control) and their interaction. Simple effects for each age group were used to follow significant interaction. ⁎p b 0.05 simple effect of BDS vs. control for PND14 pups, ⁎⁎p b 0.01 for main effect of age. BDS, brief daily separation; Cont, control condition.
offspring. Indeed, exposure to high levels of glucocorticoids during the postnatal period decreased DNA levels in the hippocampus and decreased exploratory behavior in the open field assay (Howard, 1968; Howard and Granoff, 1968; Bohn, 1980) , consistent with the notion that exposure to high levels of corticosterone is responsible for the developmental and behavioral sequelae of our handling paradigm. This hypothesis underscores the importance of monitoring both levels of maternal care and corticosterone levels during development in order to ensure reproducible outcomes. Moreover, this model predicts that under some experimental conditions these two opposing factors may cancel each other out, providing a possible explanation for the failure of previous attempts to detect changes in anxiety-like behavior in several mice strains exposed to BDS (Millstein and Holmes, 2007) .
Several factors may account for the prolonged stress response seen in our procedure. First, during the 15-min separation period pups were scattered in a cage that was covered with clean bedding and kept at room temperature (i.e. 22°C). It is likely that the absence of maternal cues, the lack of contact with other pups and the hypothermia induced by this manipulation all contributed to the robust elevation in corticosterone levels we found. Second, the absence of nesting material and the presence of an observer assessing maternal care in the room may also have made the reuniting conditions less conducive for reducing stress in the pups. Third, levels of maternal care during the second and third week of exposure to BDS may not have been adequate to compensate for HPA activation during a period in which the HPA matures in these pups. Finally, previous work has shown that Balbc mice show high levels of stress reactivity compared to other strains (Shanks et al., 1990; Zaharia et al., 1996) , raising the possibility that genetic makeup may make this strain particularly vulnerable to this manipulation. This possibility is of particular interest because it will allow us to study the mechanism by which genetic factors modify developmental sequelae of ELS, an important clinical issue that is currently poorly understood.
BDS inhibits a developmental growth spurt in the hippocampus
We characterized the effect of handling on hippocampal development and showed that under normal conditions the hippocampus undergoes a growth spurt that culminates at around PND14. This growth spurt is characterized by peak levels of total RNA and DNA that decline thereafter to reach their adult levels at around PND30 (Fig. 7) . This wave-form is consistent with the well-documented pattern of an overproduction phase followed by a pruning phase that has been described for synaptogenesis and to a lesser degree for neurogenesis during this period (Bohn, 1980; Rakic et al., 1986; Katz and Shatz, 1996; Hua and Smith, 2004; Faulkner et al., 2007) . One of the bestcharacterized examples of this process in the hippocampus has been the developmental maturation of the infrapyramidal bundle (IPB) of the mossy fibers. These axons connect the dentate gyrus with basal dendrites of CA3 pyramidal cells and undergo an extension phase during the first 3 weeks of postnatal life, after which these axons undergo a dramatic pruning that is completed at around PND30 resulting in much shorter IPB length characteristic of adult animals (reviewed in Faulkner et al., 2007) . The functions that these developmental expansion and contraction processes play in adult brain function are not entirely clear. Nevertheless, it is thought that the expansion phase ensures the establishment of a long distance, highly distributive wiring system, whereas the trimming phase eliminates non-functional and redundant connections, thereby facilitating efficient and accurate information processing (Katz and Shatz, 1996; Hua and Smith, 2004) . This notion is consistent with the observations that mice with longer IPB perform better on several hippocampal dependent tasks and that manipulations that increase IPB length are also associated with improved cognitive performance in these tasks (Faulkner et al., 2007 ).
Here we show that BDS appears to inhibit the expansion phase of the hippocampal growth spurt and propose that this inhibition would have long-term effects on hippocampal function in adulthood. It is also possible that exposure to BDS may simply shift this developmental curve to earlier or later phases of development, an issue that could be resolved by monitoring this process in more detail throughout the first 4 weeks of life. Levels of total RNA and DNA in the hippocampus are similar in BDS and control adult animals indicating that the effects of BDS on these markers is restricted to the postnatal period and is not extended into adulthood. These findings underscore the need to better characterize cellular processes that are modified by BDS during this developmental growth spurt and the contribution of these developmental changes to adult brain function. The availability of whole-genome microarray platforms to map developmental differences between control and BDS animals provides a promising strategy to identify novel cellular pathways that mediate the effects of ELS on brain development and adult behavior.
Conclusion
Here we show that brief daily separation of pups from their dam during the first 3 weeks of life is associated with a robust and reproducible increase in anxiety-like behavior in the offspring, despite the increased levels of postnatal maternal care the BDS offspring received during the postnatal period. This paradigm induces prolonged elevations of plasma corticosterone levels that are associated with alterations in normal hippocampal development at about 2 weeks of age. We propose that exposure to stress during the postnatal period overrides the ability of high levels of postnatal maternal care to program anxiety-like behavior by inhibiting the normal growth spurt that characterizes this period.
